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INTRODUCTION
The total body mineral content of adult reproducing sows was less after 3 parities when compared with a similarly aged group of nongravid females (Mahan and Newton, 1995) . That study indicated that the dietary mineral intakes normally provided for reproduction were insufficient to maintain body mineral status. The magnitude of this depletion was greater in high producing sows, indicating that maternal lines having greater productivities influenced their mineral requirements.
Mineral demands are understandably greater in modern sow lines having larger litter sizes and greater milk production capabilities. Dietary mineral requirements for reproducing females have, however, remained essentially unchanged during the past 3 decades (NRC, 1973 (NRC, , 1979 (NRC, , 1988 (NRC, , 1998 . Because of the greater anticipated mineral requirements of these improved maternal lines, commercial sow diets are commonly formulated to exceed the NRC (1998) mineral requirements. Our previous study demonstrated that supplementing additional dietary organic microminerals above those listed at the requirement levels by NRC (1998) enhanced sow reproductive performance, but when inorganic microminerals were elevated, litter size was not improved (Peters and Mahan, 2008) .
It is unclear how organic microminerals exert their beneficial effects on reproductive performance, but they may be utilized more effectively as nutritional demands increase. The liver is the principal storage reservoir in the body and is considered the most labile tissue for microminerals; thus, its composition may reflect the changing mineral status of reproducing sows.
The present experiment continued the study of Peters and Mahan (2008) in which high producing sows were killed at various parities to determine their liver and body mineral contents. Furthermore, the effects of these treatment diets on the mineral composition of colostrum and milk, as well as the progeny of the sow at birth and weaning, were evaluated.
MATERIALS AND METHODS
The experimental use of animals and procedures followed were approved by the College Animal Care Committee.
Experimental Design and Treatments
This experiment evaluated sow body, liver, colostrum, milk, and progeny body and liver mineral compositions when organic or inorganic microminerals were fed at various dietary levels to reproducing sows over a 6-parity period. The sow compositions of this experiment were evaluated as a 2 × 3 × 4 factorial arrangement of treatments in a completely randomized design (CRD) with 3 replicates. Factors evaluated were dietary micromineral source (2), mineral levels (3), and sows killed at parities 1, 2, 4, and 6.
The organic microminerals (Cu, Fe, Mn, and Zn) were chelated to hydrolyzed soy proteins (Bioplex, Alltech Inc., Nicholasville, KY), except Se was a seleno AA (i.e., selenomethionine) component of yeast protein (Sel-Plex, Alltech Inc.) . The inorganic microminerals were in the sulfate form, except Se and Mn, which were added as Na selenite and Mn oxide, respectively.
The first treatment mineral level evaluated the micromineral requirements established by NRC (1998) and is identified as NRC. The second dietary treatment mineral level was the dietary micromineral level considered similar to that commonly provided to the diets of reproducing sows in the commercial pork production industry (IND). A third treatment group was fed the IND micromineral level from 30 kg of BW to breeding, but Ca and P levels were elevated in the diet above that required by NRC (1998) only during the reproduction period (IND + Ca:P). Diet composition, treatment mineral compositions, management of sows and litters were previously presented (Peters and Mahan, 2008) .
Sows selected for body composition were killed within 24 h of weaning (17 d). Weaned sows were selected on the basis of having successfully completed all previous reproductive cycles without interruption, having at least 12 pigs born, and nursing at least 10 pigs during each lactation period.
Mineral Composition of Progeny
During parity 1, 3, and 5, stillborn pigs at birth with a normal BW (1.40 to 1.65 kg) were weighed, their livers were excised, and both body components weighed and subsequently frozen (−4°C) for later compositional analysis. The selection of stillborn pigs is based on the studies of Mahan and Kim (1996) , who demonstrated similar Se compositions of livers and loins of full-term stillborn and neonatal pigs killed at birth when the sows were fed various dietary Se levels.
In parity 6, one pig per litter within each dietary treatment group was killed at weaning (17 d) for mineral composition. Pigs were selected from litters with the restriction that they were born and nursed by the same sow and having an average weaning weight for that specific litter. Pigs selected were electrically stunned and killed by exsanguination. The digestive contents were removed by evisceration followed by the physically removal of digesta, livers were excised and weighed, and the livers and remaining body component were frozen (−4°C) for later mineral analysis.
Mineral Composition of Milk
Colostrum (within 12 h parturition) and milk at weaning (17 d) were collected (30 to 50 mL) from all functional glands after an intramuscular injection of oxytocin (40 USP units). Samples were frozen (−20°C) for later analysis. Three samples of colostrum and milk were randomly selected from each treatment group within parity and analyzed for their mineral compositions.
Slaughter and Sampling Procedures
Sows selected for slaughter were fasted overnight where they had free access to water. Sows were electrically stunned and killed by exsanguination. Digesta in the intestinal tract was manually expressed after evisceration, and the emptied tract was rinsed with water. The internal and other components, including hair, mammary tissue, and head, were combined, weighed, and frozen (−20°C). The liver was removed at slaughter, weighed, and frozen (−20°C). The right side of the chilled carcass was subsequently frozen for 72 h (−20°C).
Before grinding, the frozen body components were weighed to determine the quantity of water loss during storage. The frozen one-half carcass and other body components were reduced in size using a band saw (model 5212, Hobart, Troy, OH) and ground through an industrial meat grinder (Autio 801, Autio Co., Astoria, OR), initially using a 9-mm die and reground through a 4-mm die.
Sow livers and neonatal and weaned pigs were ground through a 12-mm die and again through a 3-mm die using a Stimpson grinder (model 5412, Louisville, KY). The ground material was subsampled and placed in plastic Petri dishes, sealed with tape to prevent moisture loss, and stored frozen (−20°C) for later analysis. The saw and grinders were dismantled, washed, and dried between samples.
Analytical Methods
Frozen ground body and liver samples were freezedried and the fat removed by ether extraction (AOAC, 2000) . The fat-free dried samples were reground through a 1-mm screen, and wet ashed in nitric and perchloric acid before mineral analysis. Colostrum and milk samples were freeze-dried before mineral analysis. Samples were analyzed for their mineral compositions using the inductively coupled plasma (ICP) atomic emission spectroscopic methodology (PS 3000, Leeman Labs Inc., Hudson, NH) using National Institute of Standards and Technology (NIST) standards. Selenium was analyzed after wet ashed in nitric and perchloric acid using the fluorometric method (AOAC, 2000) . Chloride was analyzed by a chloridometer (model 4-2008, Buchlert-Cotleve, Saddle Brook, NJ), as outlined by AOAC (2000) .
Mineral compositions of the body and liver were subsequently converted to a wet-tissue basis. After mineral analysis, each sow body component was combined by calculating each component in proportion to their wet weight at slaughter. To reduce variation of BW differences of body or liver weights between animals, the minerals were calculated on an amount per kilogram of liver or per kilogram of empty BW basis, the latter defined as the BW of the animal without digesta and blood. Because the liver is considered the most labile tissue for micromineral transfer, its composition is presented separately. But, the liver composition was also incorporated into the body mineral analysis.
For both full-term stillborn and weaned pigs, the empty body and liver mineral composition were determined separately, with the liver mineral content added to the body component to reflect total body content. Mineral concentrations are expressed on an amount per kilogram of liver or empty BW basis by dividing the total mineral content by the liver or per kilogram of empty BW, respectively.
Statistical Analyses
Sow mineral composition data were analyzed as a 2 × 3 × 4 factorial in a CRD using the GLM model procedure (SAS Inst. Inc., Cary, NC). The colostrum and milk mineral compositions were analyzed as a 2 × 3 × 3 factorial as a CRD by the GLM procedure of SAS. Weanling pig mineral compositions were analyzed as a 2 × 3 factorial in a CRD. Individual sow, colostrum, milk, stillborn, and weanling pig composition measurements were considered the experimental unit. Mineral source was contrasted by 1 df, whereas dietary mineral levels were compared by LSD when the F-ratio was P < 0.05. Parity effects were evaluated using orthogonal polynomials with estimated coefficients for unequally spaced treatments. There were few mineral source × dietary mineral level interactions and no 3-way interactions, so the least square treatment means of the main effects are presented in tabular form for the sows, with interactions discussed when applicable. The full-term stillborn pig, milks, and weanling pig mineral composition data are presented as least squares means using a source × dietary level interaction format in tabular form.
RESULTS

Sow Mineral Composition
The effects of dietary micromineral source and levels fed to the sows on BW and mineral compositions are presented in Table 1 . Sow live and empty BW were not affected by dietary treatments, but expressing the mineral compositional data on an equivalent BW basis reduced compositional variations. Analyses of these calculations indicated that the macro-and micromineral compositions were similar for sows fed the 2 dietary mineral sources, except Se, which was greater when the organic micromineral source was fed. There was a source × mineral interaction (P < 0.01) where body Se increased when dietary organic microminerals increased from the NRC to the IND levels, but not when the inorganic microminerals were fed.
Although sows fed the IND + Ca:P level of microminerals had numerically greater body Ca and P contents than those fed the smaller level of Ca and P (IND), the treatment differences were not statistically significant. Other macro-or microminerals were also not affected by dietary organic or inorganic micromineral source, except Cu and Zn. When the dietary microminerals increased from the NRC to the IND level, sow body Cu (P < 0.05) increased. When the IND + Ca:P diet was fed, there were further increases in body Cu (P < 0.05) and Zn (P < 0.05) compared with the IND treatment group. Selenium did not differ between the IND and the IND + Ca:P treatment group.
Sow liver weights were not affected by dietary micromineral source or dietary mineral level, and there was no source × level interaction (Table 2) . Mineral composition of the liver expressed on a per kilogram basis indicated that the increase in liver Na and Cl in response to the increased micromineral level was greater when the organic micromineral source was fed than the inorganic source, resulting in trends for source × level interactions (P = 0.10 and 0.07, respectively). There was also a source × level interaction in K (P < 0.01) but no further effect of treatments on the other macrominerals. Selenium was the only liver micromineral that was greater (P < 0.01) when sows were fed the organic micromineral source.
As the dietary micromineral level increased, sows fed the IND + Ca:P diet had a greater liver Ca (P < 0.05) content, but there was no effect on the other macrominerals. In contrast, liver Cu, Se, and Zn contents each increased (P < 0.01) as dietary microminerals increased from the NRC to the IND level. A numerical decline in liver Fe was observed when microminerals increased from the NRC to the IND level and a further decline in Fe when the IND + Ca:P diet was fed, but these responses were not statistically significant. There was no source × level interaction for the other microminerals.
As parity advanced, those sows fed the inorganic source had increased BW (live and empty BW) more than those fed the organic source, resulting in source × parity interactions (P < 0.05; Table 3 ). When mineral compositions are expressed on a total quantitative mineral basis, there was an increase (P < 0.01) in each of the minerals by parity (data not shown).
To assess the effect of various treatments and age more precisely, body mineral content was expressed on a per kilogram of empty BW basis. When body composition of minerals was expressed in this manner, Ca initially declined to parity 2 but then increased to parity 6, but resulted in an overall linear increase (P < 0.05). There were quadratic responses in K (P < 0.05) and S (P < 0.01) as parity advanced. There was a source × parity interaction (P < 0.05) for Mg, with sows fed the inorganic microminerals having a greater increase in the Mg content as parity advanced than those fed the organic microminerals.When the micromineral sources and levels were evaluated by parity, there were increases in body Cu (cubic, P < 0.01) and Se (quadratic, P < 0.01) as parity advanced. There was a source × parity interaction (P < 0.05) for Zn where sows that were fed the organic microminerals had a greater increase in body Zn content as parity advanced than those fed the inorganic microminerals. There was a micromineral level × parity interaction for Fe (P < 0.01) where sows fed the IND level of microminerals had greater body Fe contents than those fed the NRC level as sow aged.
As parity advanced, liver weights increased linearly (P < 0.01; Table 4 ). Declines were observed in liver Ca Within a row, means without a common superscript differ (P ≤ 0.05). Mineral composition of reproducing sows (quadratic, P < 0.05), P (linear, P < 0.05), Na (quadratic, P < 0.05), and Cl (quadratic, P < 0.01) contents, whereas S (P < 0.05) increased linearly as parity advanced. There were declines in liver Fe (quadratic, P < 0.01) and Mn (quadratic, P < 0.01), but small increases in Zn (cubic, P < 0.01) as parity progressed. Selenium increased initially but declined to parity 6, which resulted in a level × parity interaction (P < 0.05), but no other micromineral source × parity or dietary mineral level × parity interactions were observed.
Pig and Liver Mineral Content at Parturition
It was assumed that both the maternal source of microminerals and mineral levels would have an effect on Within a row, means without a common superscript differ (P ≤ 0.05). the mineral composition of full-term stillborn pigs at birth and their livers. Therefore, the sources × dietary mineral level interaction mean responses are reported (Table 5 ). The results indicated that there were no effects of dietary micromineral source or mineral level on the macro-or micromineral contents of these pigs, except the effect of mineral level on Mg (P < 0.05) and a source × level interaction (P < 0.01) in Se. When dietary microminerals increased from the NRC to the IND level, a greater increase of Se occurred only when organic microminerals were fed. There was no other micromineral source × level interaction. Liver weight and mineral composition of the full-term stillborn pigs at parturition are presented in Table 6 . As with the pig body composition results, there was no dietary micromineral source effect on liver macro-or micromineral composition, except for Se (P < 0.01), which was greater when the organic micromineral source was fed. There was a small decline in liver Mg (P < 0.05) as only the inorganic micromineral level Mineral composition of reproducing sows increased. However, the source × level interaction was not statistically significant. Although differences were small, there were source × level interactions (P < 0.05) for Cu and Zn. In regards to these 2 minerals, as macromineral supplementation increased (IND and IND + Ca:P), liver Cu decreased when organic microminerals were fed, whereas it increased when inorganic microminerals were fed. Differing responses were observed in liver Zn where it decreased when the IND level of the organic source was fed but then increased with additional Ca and P, whereas liver Zn increased when the IND level of the inorganic source was fed but declined with additional Ca and P.
As parity increased, body Ca (quadratic, P < 0.01), P (linear, P < 0.01), Na (linear, P < 0.01), and Mg (linear, P < 0.05) contents of the full-term pigs declined (Table 7) . Similarly, the Cu (quadratic, P < 0.01), Mn (linear, P < 0.01), and Zn (linear, P < 0.01) contents of the full-term pig declined as parity advanced. There was a quadratic increase in Fe (P < 0.05) content with advancing parity.
Liver weights of full-term pigs tended (P = 0.07) to be less in parity 1 (Table 7) . The results of the liver mineral composition in the full-term pig at parturition, indicated a linear decline in Ca (P < 0.05), whereas there were increases in K (quadratic, P < 0.05), Cl (quadratic, P < 0.01), and S (linear, P < 0.01) contents. There was no effect of parity on the other liver microminerals.
Colostrum and Milk Mineral Content
The effects of dietary micromineral sources and levels fed to reproducing sows on their colostrum and milk mineral contents are presented in Table 8 . Colostrum P (P < 0.05) and Mg (P < 0.05) concentrations were greater when sows were fed organic microminerals, whereas its Cl (P < 0.05) content was less. As both dietary mineral sources increased from the NRC to the IND level, colostrum Ca (P < 0.05), Na (P < 0.01), Mg (P < 0.05), and S (P < 0.01) contents declined, whereas K (P < 0.01) increased. Calcium concentration in colostrum was less than later milk and was less than P. There was no source × dietary level interaction for the various colostrum macrominerals.
Among the various colostrum microminerals, when the organic source was fed, Cu increased from the NRC to the IND level with a further increase to the IND + Ca:P level. However, when the inorganic source was fed, it declined from the NRC to the IND level and then decreased when the IND + Ca:P level was fed, resulting in a source × level interaction (P < 0.01). Colostrum Se increased from the IND to the IND + Ca:P level for organic and inorganic sources, but it was greater in the organic treatment group. This resulted in a source × level interaction (P < 0.05).
The Ca and P contents in sow milk were less (P < 0.01) when organic microminerals were provided than when inorganic microminerals were fed. Among the milk microminerals, Cu and Zn (P < 0.01) were less and Se (P < 0.05) was greater when organic microminerals were fed. As dietary microminerals increased from the NRC to the IND level, milk Se increased (P < 0.01). There was no source × level interaction for any of the milk microminerals.
The colostrum parity mineral composition data (Table 9) indicated increases in P (quadratic, P < 0.01) and Na (linear, P < 0.05), whereas there were quadrat- Table 6 . Effect of dietary inorganic or organic micromineral source (MS) and levels (ML) fed to reproducing sows on pig liver mineral composition at parturition (per kilogram of liver) ic declines in K (P < 0.01) and Mg (P < 0.01) contents as parity advanced. Among the microminerals studied, only milk Zn content increased (linear, P < 0.01) with advancing parity, whereas the other microminerals did not statistically differ.
Milk macromineral concentrations at weaning indicated declines in Ca (cubic, P < 0.01) and Mg (quadratic, P < 0.01), whereas P increased and Mg decreased quadradically (P < 0.05) with advanced parity. Milk Cu concentrations declined quadradically (P < 0.01) as parity advanced, with a greater concentration in parity 1 and 2 but less in parities 4 and 6, whereas the response to Zn (cubic, P < 0.05) was inconsistent. Although there was a linear numerical decline in milk Fe content with advancing parity, the response was not statistically significant. There was no source × parity or level × parity interaction for milk macro-or microminerals.
Weaned Pig (17 d) Mineral Content
When the body composition of parity 6 weaned pigs were expressed on an empty BW basis, there was no effect of the dietary micromineral source or mineral level fed to the sow on the macromineral concentration of their progeny or a source × level interaction (Table  10) . However, Fe (P < 0.01) and Se (P < 0.01) were greater when organic microminerals were fed. The Mn (P < 0.01) and Zn (P < 0.05) contents increased when the microminerals increased from the NRC to the IND level. There was no source × mineral level interaction for any of the microminerals.
Liver macro-and microminerals of the weaned pig presented in Table 11 did not differ when reproducing sows were fed the 2 micromineral sources or different micromineral levels. Although the micromineral concentrations of Cu, Fe, Mn, Se, and Zn were numerically greater as microminerals increased from the NRC to the IND level, the responses were not statistically significant.
DISCUSSION
To better reflect changes to dietary treatments, sow and pig mineral compositions are presented on an equivalent empty BW or liver weight basis. Using this Probability values for orthogonal contrasts (parity 1 to 6; LIN = linear, Q = quadratic).
Mineral composition of reproducing sows approach, the results of the present experiment indicate that the sow seems to be relatively resilient to the dietary mineral source in that organic and inorganic microminerals resulted in similar body and liver mineral contents, except for Se, which was generally greater when the organic source was fed. There was, however, a greater response in the micromineral content of sows when micromineral levels increased from the NRC to the IND. The microminerals provided in all treatment groups in this experiment, however, were above NRC (1998) levels, particularly when the indigenous minerals are considered. Feeding the additional Ca and P (IND + Ca:P) did not seem to have additional effects on sow body or liver mineral contents. As noted, the NRC treatment level used in the present experiment included the amount of minerals as estimated by the NRC (1998) but did not include the indigenous minerals from the feed grains. Consequently, the total intake by the sow was from the dietary premix and the indigenous feed sources. Thus, the amount provided in the total diet in the NRC treatment group thus actually exceeds the current NRC (1998) micromineral requirements. Because we demonstrated a positive sow body composition response to a dietary micromineral level above that provided by the NRC treatment group, our results indicate that high producing sows would have greater micromineral requirements than those requirements established by NRC (1998) and that a greater supplemental level of microminerals is needed for reproducing sows.
These results also indicate that the transfer of minerals to the fetus in utero was not greatly affected by the dietary source or dietary level of minerals provided to sows during gestation or there was not an interaction of those experimental variables, except for Se. Transfer of maternal sources of microminerals from the diet and the body reserves of the sow at the levels provided in this experiment seemed to satisfy the demands for fetal development. Thus, the developing fetus seems to be extremely resilient to, at least, in its mineral content when an adequate or increased mineral supply was provided to the sow. Dietary micromineral source, mineral level, or parity had no major effect on the mineral composition of the full-term pigs at birth, except for Se, which was greater when the organic form of Se was provided. This response is perhaps understandable in that organic Se (i.e., selenomethionine) is retained within body proteins, as well as being used in the production of selenoprotein enzymes. Neonatal pig mineral reserves have been shown to increase when sow gestation diets contain extremely elevated content of Zn (Hill et al., 1983) or Mn (Gamble et al., 1971) . In our experiment, Fe content in the neonatal pig was not affected by the dietary Fe levels of the sow. This is consistent with other research indicating that Fe transfer across the placenta and mammary tissue is regulated by uteroferrin and lactoferrin, respectively (Murray et al., 1972; Ducsay et al., 1986) . These results indicate that the transfer of macro-and microminerals to the fetus in utero was not greatly affected by the dietary source or dietary level of minerals fed to sows during gestation or the interaction of those 2 variables, except the Se source.
Colostrum mineral composition can be influenced by factors affecting the mineral needs of pregnant sows and dietary mineral supplementation and her body mineral status, as demonstrated in this experiment. It is of interest to note that milk Ca concentration was greater in the later milk of lactating sows than in colostrum, whereas the other macro-and microminerals were generally less in the mature milk than in colostrum, similar to the conclusions made by Hill et al. (1983) and Csapo et al. (1996) . Colostrum synthesis is largely initiated before parturition, and thus its mineral composition may be influenced by other mineral demands on the reproducing female, primarily during late fetal growth (Mahan et al., 2009) . In contrast, later milk mineral compositions are considered to be influenced largely by the postpartum feed and mineral intakes, sow body mineral status, and milk production differences rather than the effect of prepartum diets. The greater colostrum and milk Se contents of sows fed the organic micromineral source are consistent with our earlier reports (Mahan, 2000; Mahan and Peters, 2004 ).
Other research (Peters and Mahan, 2008; Mahan et al., 2009 ) indicated a greater need of all minerals, particularly Ca, during the latter 2 wk of pregnancy; thus, Ca may be a limiting factor in its transfer to mammary glands during the period of colostrum synthesis. Mature milk had a greater Ca content than colostrum. After parturition, Ca is not really used for many reproductive functions; thus, dietary Ca can be diverted to the mammary tissues, which in turn increases the Ca content of this latter milk.
Dietary source of microminerals does seem to increase the micromineral output in mature milk as demonstrated by the greater relative amount of microminerals retained by the nursing pig. Although milk Se is understandably increased when the organic form of Se (i.e., selenomethionine) is fed, the other micromineral concentration (i.e., Cu and Zn) also seemed to be greater when the organic microminerals were fed, although the responses were not statistically significant. However, if milk production is greater in the modern sow, it is possible that milk compositions may differ between sow lines and micromineral sources and not be reflected by a simple analysis based on amount per milliliter of milk. The total output of minerals would be based on the volume differences in milk production. Therefore, simple analysis of mature milk may change based on several factors. The total output by the mammary glands cannot be assessed by simple compositional analysis.
The consumption of the organic microminerals by the reproducing sow also resulted in greater weaned pig Se contents. The effects of dietary micromineral source and mineral levels fed to the older sows of our experiment (parity 6) on their progeny at weaning (17 d) should reflect the differences in sow body mineral depletion and the resulting body and liver mineral contents. This experiment indicated that the organic microminerals fed to reproducing sows had a greater influence on the Fe and Se content of the weaned pig than inorganic microminerals. In addition, the IND level of microminerals fed to the sow generally resulted in greater micromineral contents in the weaned pig, although the results were not statistically significant.
In conclusion, the results from this experiment indicate that micromineral source did not have an effect on the body and liver mineral content of reproducing sows over a 6-parity period, except Se, which was greater when the organic source was fed. However, the content of Cu, Se, and Zn in the sow increased as the microminerals increased from the NRC to the IND level. There was no apparent difference in mineral composition of the full-term pig at birth or colostrum, indicating that the sow was largely resilient to mineral supply for developing fetal tissue. Although differences were small and not statistically significant, organic microminerals fed to the sow seemed to improve the transfer of microminerals to the nursing pig, particularly Se, which was greater when the organic source was fed. Feeding the diet with greater Ca and P levels had no major effect on sow or pig mineral compositions.
